Thermal and cold neutron transmission time-of-¯ight measurements have been taken on blocks of singlecrystal sapphire. The transmission characteristics of single-crystal sapphire are not altered by irradiation for a number of years within a beam port at a reactor. Cooling the ®lter is only useful for the production of beams with the longest wavelengths. Even for poorer grade sapphire there is no degradation of the neutron transmission characteristics.
Introduction
Single-crystal sapphire is a useful ®lter for cold neutron measurements because it can be used at room temperature and its various neutron cross sections have reasonable values (Freund, 1983) . The attenuation has a minimum around 0.2 nm and increases linearly at longer wavelengths. The incoherent elastic scattering cross section, which is independent of wavelength, is low and the coherent elastic scattering, which gives sharp maxima in the cross section, or dips in the transmission, occurs below 0.2 nm for suitably oriented perfect crystals. The inelastic (single-phonon) scattering varies linearly with wavelength and may be reduced with a lower temperature. Unlike other ®lters such as singlecrystal silicon or magnesium oxide, or polycrystalline beryllium, the additional neutron transmission obtained by cooling Al 2 O 3 to 77 K is scarcely justi®ed. Consequently, the main feature is the absorption cross section, which varies linearly with wavelength and is independent of temperature.
We have recently installed a curved guide as a neutron ®lter on a beamline at the upgraded 20 MW NIST research reactor that previously used a sapphire ®lter for over 4 years. This has given us the opportunity to assess what degradation, if any, is caused by fast neutron and gamma radiation to the thermal and cold neutron transmission characteristics of these crystals.
Filter material
The sapphire ®lter of length 135 mm consists of ®ve rows (of four blocks by four blocks) of super-optical-quality sapphire blocks of dimensions 25.4 Â 25.4 Â 27.0 mm.
Crystal Systems, Inc. of Salem, Massachusetts, supplied the 80 ®lter blocks of A1 premium`hemex' grade, grown using the heat-exchange method and almost entirely free of lattice distortion. The faces perpendicular to the c axis, parallel to the 27.0 mm edge, are optically polished. Neutron transmission measurements have been performed previously (Mildner et al., 1993) on four extra unirradiated blocks.
The sapphire blocks were in the ®lter position for slightly over 4 years of reactor operation at 15 MW for a total exposure history of $4 Â 10 5 MWh. The neutron uence for energies >1 keV during this period was about 2 Â 10 17 cm À2 for those crystals in the ®rst row of the ®lter. The thermal neutron¯uence during this period was about 3 Â 10 18 cm À2 . The gamma-ray exposure was about 4 Â 10 5 C kg À1 ($2 Â 10 9 R). Making some crude assumptions about the energy spectrum at the ®lter position, the expected number of displacements per atom (DPA) value for this¯uence (Grundl & Eisenhauer, 1986 ) is in the range (0.5±3) Â 10 À4 . The crystals are noticeably discolored, ranging in color from light yellow to a dark purplish brown, indicating the level of uence and lattice defects. Since the optical transmission can be related to DPA, we have measured the optical transmission of a representative set of the crystals to establish, at the very least, the relative damage done to the blocks. The measurements were made with a CARY3 spectrophotometer, with an unirradiated block as the reference. Fig. 1 gives the absorption spectra of some representative blocks. Pells et al. (1989) have reported on the correlation of optical absorbance at 400 nm, the peak of the aluminium-vacancy (the V center) absorption band, with DPA for both low-and high-temperature irradiations. For the highest-dose crystals, the absorbance at 400 nm for 27 mm thick sapphire yields an absorption coef®cient of 4.3 cm À1 , which corresponds to a DPA value of about 2.5 (5) Â 10 À4 , consistent with the value estimated above.
We have made neutron transmission measurements on some of the more highly irradiated hemex blocks, as well as on virgin blocks. We have also performed similar measurements through the lower-grade sapphire rods of length 53.0 mm that were measured previously. These crystals are of grades B1 (superior grade`hemlux') and C1 (standard optical grade`hemlite') with increasing lattice distortion, or crystal mosaic, measured by crossed polarizers using monochromatic light. They have no signi®cant increase in light scatter relative to the A1 hemex grade, so that there should be no increase in the number of voids and therefore in the small-angle neutron scattering.
Neutron measurements
The neutron transmission measurements were obtained on the C1 beamline at the Intense Pulsed Neutron Source (IPNS) at Argonne National Laboratory, which is used for the time-of-¯ight small-angle neutron diffractometer SAD . This beamline views a 28 K solid-methane moderator with a neutron pulse width of $15 ms at 0.1 nm that increases with wavelength, reaching $300 ms at 1.4 nm. The beamline has a single-crystal MgO ®lter cooled to 77 K to reduce the fast neutron¯ux. Cooling the MgO ®lter to 77 K enhances the transmission of long-wavelength neutrons by a factor of about two relative to room temperature. The transmission of this particular MgO ®lter has been given before (Carpenter et al., 1989) .
The source operates at 30 Hz with a time-averaged current of 15 mA, at 450 MeV energy and 0.1 ms proton pulse width, on a depleted 238 U target that produces a delayed-neutron fraction of 0.0044 (Epperson et al., 1990) . This results in a time-independent background that requires a correction to the raw data.
The incident-beam monitor M 1 is a BF 3 counter with an ef®ciency of 10 À3 at 0.1 nm and is used for normalizing the results. The monitor M 2 used for the transmission measurements is a 25 mm diameter cylinder BF 3 counter at a distance of 1.06 m from the sample position, with an aperture of 7.94 mm in diameter. The initial aperture is 7.94 mm in diameter placed immediately in front of the sample. The beamline also has a crossed pair of Soller collimators placed ahead of the sample position which converge to a point on the two-dimensional smallangle neutron scattering (SANS) detector at a distance of 1.504 m from the sample.
The transmission as a function of wavelength is determined from the M 2 monitor counts with the ®lter crystal in the sample position relative to the open beam at that wavelength. Each data set is corrected for the background with the beam blocked by cadmium and each is normalized to the M 1 monitor counts to account for variations in the proton-beam current. In addition, each run is corrected for the time-independent delayedfraction background, which is measured simultaneously with the transmitted beam. Calibration is performed using the Bragg dips in the transmission from polycrystalline aluminium. Each data set was taken for 6 h and the transmission T(!) is obtained as a function of wavelength ! from 0.05 to 1.4 nm, with increasingly wider ! bins to maintain statistical precision in the face of the rapid decrease in¯ux at longer !. The attenuation coef®cient AE of a ®lter of thickness t is given by
The procedure that we have used for correcting for delayed-neutron background is the same as that for the SANS measurements on this spectrometer. For every measurement the data from both monitors M 1 and M 2 (as well as the large-area position-sensitive detector for SANS measurements) must be corrected for delayed neutrons before further data analysis. Epperson et al. (1990) have measured the delayed fraction f D for the depleted 238 U target as 0.44%, though 0.42% is the fraction now used for the present analysis (Thiyagarajan, 1997).
The measured intensity I M ! in a particular wavelength bin is composed of two parts: that from the intense prompt pulse I P ! and that from delayed neutrons I D !Y which is effectively a low-level continuous background. The prompt counts depend on the incident spectrum 9(!) and are modi®ed both by the detector ef®ciency 4(!) and by the transmission expÀAE!t through the sample under study. Neglecting the various constants we may write
The spectrum from the delayed neutrons is exactly the same as for the prompt neutrons, so that the counts from the delayed neutrons may be given by
where the integral extends over the entire spectrum, or in practice over the entire pulse repetition time ÁT, and Át is the time bin corresponding to the particular wavelength. Since the delayed fraction is small, the delayed counts may be determined from the integral of the total measured counts, I M !, given by
That is, the delayed-fraction background is proportional to the measured spectrum and therefore the actual correction depends on the transmission of the particular sample.
Results
We ®nd that the results for the attenuation AE(!) through both one and two virgin hemex blocks and through each of three of the most heavily irradiated blocks are fundamentally the same. Fig. 2 illustrates these results, with the data showing a broad minimum around 0.2 nm. The degree of perfection of the crystals is such that no Bragg valleys are found in the transmission data. [The locations of possible diffraction dips are given by Mildner et al. (1993) .] The ®gure also shows the theoretical absorption cross section ' a a! 2X57 barn nm À1 (where 1 barn 10 À28 m 2 ), corresponding to 6X02 m À1 nm À1 (using the formula unit number density 2X35 barn À1 m À1 for Al 2 O 3 ). These results agree qualitatively with those of Nieman et al. (1980) , though their data do not extend beyond 0.3 nm in wavlength.
These attenuation data may be ®tted to a function given by Freund (1983) which accounts for multiphonon scattering. This has been further generalized for anharmonic effects and the data are ®tted to a function of the form AE! A! Cf1 À expÀBa! 2 Da! 4 gX 5 Table 1 gives the values of the ®tting parameters. The mean value of A 8X11 4 m À1 nm À1 corresponds to a cross section 'a! 3X46 2 barn nm À1 . (The number in parentheses represents the standard uncertainty in the last digit.) The mean value of C 19X7 12 m À1 corresponds to a scattering cross section ' 8X40 51 barn. This is smaller than the calculated free-atom cross section for Al 2 O 3 of 14.04 (3) barn. Note that if anharmonic effects are ignored (D = 0) the ®t to the data is worse. Fig. 3 shows the attenuation AE(!) for the three different grades of sapphire. The transmissions of the hemlux and hemlite rods are both similar to each other and similar to that of the hemex blocks. Values of the ®tting parameters in equation (5) are also similar and are given in Table 2 . The ®t to the hemex data with anharmonic term D = 0 is particularly poor around the minimum in the attenuation at 0.2 nm, though it is reasonable at long wavelengths.
These results show that the thermal and cold neutron transmission of the hemex crystals are not degraded by neutron irradiation up to a fast¯uence of 2 Â 10 17 cm À2 . In addition, it is found that the lower-grade crystals perform equally well as the optimum-grade hemex crystals. This latter result is contrary to previous results (Mildner et al., 1993) , also shown in Table 2 , which were obtained on an inadequately characterized beamline. . This discrepancy cannot be easily explained except by an inadequate correction for the considerably higher delayed-neutron background in the earlier measurements.. These previous measurements were performed on a similar instrument before it was optimized on beamline C3 at IPNS. At the time, this beamline had no ®lter and viewed a 20 K liquid-hydrogen moderator when the target was enriched uranium. The delayed-neutron fraction in the moderated beam for the spallation source had been measured as 0.0283 (Epperson et al., 1990) . At that time, the method for correcting the raw data was not automated for this beamline, so that the background was calculated using a procedure similar to that used here. Though this seemed appropriate, the later results suggest inconsistencies. In addition, the incident and transmitted beams were de®ned by 15 mm apertures. This is contrasted with the beamline used for the present measurements which views a 28 K solidmethane moderator that provides a factor of over three increase in the neutron¯ux in the long-wavelength (! > 0.4 nm) region relative to the 20 K liquid-hydrogen moderator . The spallation target is depleted 238 U that produces a delayed-neutron fraction of 0.0044. In addition, the beamline has a singlecrystal MgO ®lter (Carpenter et al., 1989) cooled to 77 K to reduce the fast neutron¯ux.
Discussion
Previously it was believed that the hemex result corresponding to 2X54 4 barn nm À1 was suf®ciently close to the absorption cross section of 2X57 barn nm À1 to con®rm that (i) the premium hemex grade is far superior to the lower-grade crystals and (ii) there is little value in reducing the temperature of the crystals. These statements must now be revised, even though the cause for the apparent results of the previous measurements is not completely known.
Phonon scattering
We now account for the fact that the mean value of the attenuation A 8X11 m À1 nm À1 corresponding to 3X46 barn nm À1 ) in the limit of long wavelengths is greater than the absorption cross section by 0X89 2 barn nm À1 . This is consistent with the temperature-dependent single-phonon scattering. Steyerl (1977) has given an expression for calculating the single-phonon scattering ' sph which may be written as
valid for x 6, where x Â D aT. Â D is the Debye temperature of the ®lter material and T is its physical temperature, k is the Boltzmann constant, E is the neutron energy and B n are the Bernoulli numbers. M is the cross-section-weighted harmonic mean atomic mass number, Substituting the recommended value of 1032 K (Ledbetter, 1997) derived from elastic constants (Anderson, 1965) for the Debye temperature of Al 2 O 3 into this expression gives a calculated single-phonon contribution of 0X848 2 barn nm À1 at T = 300 K. [The experimental value of 0X89 barn nm À1 would give a value of Â D 1006 4 K.] For the multiphonon scattering at short wavelengths, Freund (1983) has given an expression
where is the scattering angle. The average quantity hsin 2 a2i may be approximated by 1a2 À 1a6MY which for Al 2 O 3 is 0.49. The quantity B 0 3h 2 akÂ D Am p , where h is Planck's constant and m p is the proton rest mass, corresponds to zero-point motion and is temperature independent, whereas the quantity Fig. 3 . The attenuation as a function of neutron wavelength for the three different grades of sapphire with a ®t for the hemex grade to the form AE! A! C1 À expÀBa! 2 . The ®t is good at long wavelengths but poor around the minimum in the attenuation, indicating the necessity of the anharmonic term. Also shown for comparison is the absorption cross section for Al 2 O 3 (dashed line).
B T 4B 0 9xax is temperature dependent with 9(x) being given by
Hence, the Debye±Waller factor B may be approximated by
Using Â D 1032 K, we ®nd B 0 3X18 Â 10 À3 nm 2 and B T 1X61 Â 10 À3 nm 2 . Hence, the factor B 0 B T hsin 2 a2i 2X35 Â 10 À3 nm 2 . This compares with an experimental value of 1X62 5 Â 10 À3 nm 2 .
Cooling sapphire
Clearly there is some small increase in transmission by cooling the sapphire. This has been shown earlier in the results of Tennant (1988) for the neutron transmission through a sapphire ®lter of length 101.6 mm at various speci®c wavelengths, both at 300 and at 80 K. We present his attenuation data in Fig. 4 . Though there are few data points, we have ®tted the published results to equation (5) and the ®tted parameters are given in Table  3 . These results indicate that the attenuation of sapphire at 300 K corresponds to 3X79 31 barn nm À1 at long wavelengths, whereas the attenuation of sapphire at 80 K corresponds to 2X66 25 barn nm À1 . The latter is close to the absorption cross section of 2X57 barn nm À1 . This means that the attenuation is reduced by about 30% by cooling the sapphire to 80 K. For a ®lter of thickness 101.6 mm this corresponds to an increase in transmission of about 11% at a wavelength of 0.4 nm, but a larger increase of 30% at ! = 1.0 nm.
Though the quality of the sapphire crystal used by Tennant is unknown, his results are qualitatively consistent with the present results on Al 2 O 3 . Using the recommended value of Â D 1032 K, we ®nd that the calculated single-phonon scattering for Al 2 O 3 at T = 77 K is 0X011 barn nm
À1
, which is negligible compared with the absorption cross section. Hence, only in cases where very long wavelengths are required is the expense of cooling a sapphire ®lter worthwhile.
We may de®ne a quality factor for the ®lter as the ratio of the cross section at the minimum in the attenuation to that at high neutron energies. Though the data do not extend to wavelengths below 0.05 nm, we take the theoretical free-atom cross section. For our measurements the value of the quality factor is 0.076 (1). Values of the quality factor for a sapphire ®lter have been reported (Nieman et al., 1980) as 0.06 at room temperature and 0.05 at 80 K. This again indicates that cooling sapphire is not worthwhile, especially since lower quality factors may be achieved by cooling singlecrystal magnesium oxide (Thiyagarajan et al., 1998) .
Conclusions
Using time-of-¯ight measurements we have shown that the thermal and cold neutron transmission through highgrade single-crystal sapphire does not degrade after irradiation within a beam port in a¯uence of 2 Â 10 17 cm À2 fast neutrons and 2 Â 10 9 R gammas from a reactor. We ®nd that these irradiated crystals have neutron transmission properties similar to those of Fig. 4 . The attenuation of sapphire taken by Tennant (1988) at speci®c wavelengths on a crystal spectrometer at 300 and 80 K. The line is a ®t to the form AE! A! Cf1 À expÀBa!virgin crystals. This is despite the fact that the irradiated blocks show a large optical absorbance at 400 nm. The mean value of the cross section at the longer wavelengths for three virgin and three irradiated blocks is approximately 35% higher than the theoretical absorption cross section. Tennant (1988) has shown that this may be reduced by cooling to liquid-nitrogen temperature, but this is only worthwhile when the longest wavelengths are desired. Contrary to previous measurements, we ®nd that the lower grades of sapphire do not have signi®cantly poorer neutron transmission characteristics than the highest optical grade. 
